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Abstract
Repeated mechanical failure due to accidental impact and lack of sensory
feedback are one of the main reasons why people with upper-limb amputa-
tions abandon commercially-available prosthetic hands. To address this prob-
lem, this thesis presents the design and evaluation of a compliant four-bar
linkage mechanism that makes the fingers of a prosthetic hand more impact
resistant and the integration of electromyographic (EMG) motor control and
sensory substitution. The mechanism of our design replaces both the rigid
input and coupler links with a monolithic compliant bone, and applies three
layers of pre-stressed spring steel to the follower link. This design behaves
like a conventional four-bar linkage but adds lateral compliance and elimi-
nates a pin joint, which is a main site of failure on impact. We introduce
the fabrication process of the compliant finger and palm that enables the 3-
D printed low-cost prosthetic hand to be impact resistant. This fabrication
process and hand design enable the development of our prosthetic hand to be
low-cost ($553), light-weight (312 g), and easy to assemble and reproducible.
Results from free-end and fixed-end impact tests show that, compared to
those made with a conventional four-bar linkage, fingers made with our design
absorb up to 11% more energy on impact with no mechanical failure. Also our
hand showed that it has grasping performance comparable to commercially-
available hands.
We also evaluate the sensorimotor capabilites of our hand with a subject
with a transradial amputation. We show that using contact reflexes and sen-
sory substitution, when compared to standard myoelectric prostheses that
lack these features, improves grasping of delicate objects like an eggshell and
a cup of water both with and without visual feedback. Our hand is easily in-
tegrated into standard sockets, facilitating long-term testing of sensorimotor
capabilities.
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CHAPTER 1: INTRODUCTION
Figure 1.1: The compliant prosthetic hand is able to handle high-impact
and its compliant finger has torsional and flexional compliance.
In this thesis, we present the design and evaluation of a compliant four-
bar linkage mechanism that makes the prosthetic hand more impact resistant
(Fig. 1.1). We also present the integration of the sensorimotor control along
with the contact reflexes and sensory feedback. We also show how to integrate
our finger design in a myoelectric prosthetic hand that is mobile, compact
(50th percentile female anthropometry), light-weight (312 g), inexpensive
($553 in raw materials [1]), and easy to assemble due to the modularized
finger mount design and reduced components. We show that our hand can
easily grasp household objects through the use of our compliant finger design
[2]. Furthermore, we can easily attach it to a socket, and applied it to a
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patient with an upper-limb amputation who was able to use it to perform
fine sensorimotor control tasks [1]. Finally, all the materials, designs, and
files used to make the hand can be found on our website1, and step-by-step
instructions on building the hand can be found on the Instructables website2.
1.1 OVERVIEW
Chapter 1 reviews user studies surveying the desires of the myoelectric pros-
thetic hand users, and prior works focusing on two primary design require-
ments for the prosthetic hand development; 1) achieving impact resistance
and 2) providing sensory feedback. Based on the design requirements, Chap-
ter 2 presents the design method of the compliant monolithic finger and
the compliant four-bar linkage mechanism, and the integration of the senso-
rimotor control through electromyographic (EMG) pattern recognition and
sensory feedback enabled by contact reflexes and electrotactile stimulation.
Chapter 3 introduce the fabrication method of the compliant palm that also
allows the hand structure to be resistant to impact and the hardware integra-
tion process of the hand with a upper-limb socket. Chapter 4 evaluates the
performance of our compliant prosthetic hands by impact test, static load
capacity and fingertip force measurement, grasping tasks, and EMG motor
control and sensory feedback system test with a transradial amputatee. Fi-
nally, Chapter 5 provides the summary and future works.
1.2 USER REQUIREMENTS
Repeated mechanical failure due to accidental impact is a leading cause of
prosthesis abandonment by people with upper-limb amputations [3]. Conse-
quently, surveys have shown that people with upper limb amputations place
high priority on the need for their prostheses to be impact resistant [4]. In
fact, a study by Biddiss et al. [5] reported 91% of surveyed people with upper
limb amputations who rejected their prostheses stated a lack of impact resis-
tance as the primary reason for rejection, despite having advanced functions
like myoelectric control and multi-articulated fingers in their prosthetic hand.
1http://bretl.csl.illinois.edu/prosthetics
2http://www.instructables.com/id/Compliant-Prosthetic-Hand-With-Sensorimotor-
Contro/
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The problem of mechanical failure due to a lack of impact resistance is even
more apparent with workers in jobs that require intense manual labor, who
frequently forgo the use of advanced myoelectric prostheses because they are
more susceptible to becoming damaged [6].
Moreover, Biddisss, et al [5, 7] reports that the lack of sensory feedback is
one of the main concerns of myoelectric prosthetic hand users. Pylatiuk, et
al [8] also says that integration of the sensory feedback was indicated as the
most desired function of myoelectric hand to provide better intuitive control
interface.
In addition to these two main requirements: 1) mechanical robustness,
reliability and 2) sensory feedback, light weight, low-cost, anthropomorphic
design, ability to reduce the grasp slippage were presented as the most desired
design priorities from user surveys [6, 7, 9].
1.3 MECHANICAL ROBUSTNESS OF PROSTHETIC HAND
Despite the reported need for prosthetic hands that are impact resistant,
few studies have focused on this measure of performance. In the past five
years, researchers have worked to increase impact resistance in robotic hands
by introducing compliance, such as in the iHY hand [10] and the PISA/IIT
Soft hand [11]. The impact resistance of these hands were evaluated through
qualitative methods, such as striking the fingers with a blunt instrument
and showing that the hand still functions properly. The DLR hand [12] was
one of the few in which impact resistance was evaluated quantitatively by
measuring the energy absorbed by a finger upon impact on the dorsal side
of the finger.
Four-bar linkages are widely used in robotic fingers (e.g. TBM, Remedi,
Tact, SSSA-MyHand) [13, 14, 15]. Most commercial prosthetic hands, in
particular, use fingers with four-bar linkages (e.g. Vincent, iLimb, Bebionic)
[16]. Our design replaces both the rigid input and coupler links with a mono-
lithic compliant bone, and replaces the follower link with three layers of pre-
stressed spring steel. This design behaves like a conventional four-bar linkage
but adds lateral compliance and eliminates a pin joint, which is a main site
of failure on impact. We performed free-end and fixed-end impact tests to
evaluate the impact resistance of our compliant four-bar linkage mechanism,
measuring the energy absorbed from impact on the volar, dorsal, and lat-
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eral aspects of the finger. In addition, we characterize the compliance of our
finger through static load tests, and fingertip force measurements.
Finally, it should be noted that we could have taken a different approach
by designing a tendon-driven compliant finger, as done in the DLR hand [12],
the iHY hand [10], the UB Hand IV [17], and the PISA/IIT Soft hand [11].
However, we chose to focus on making a compliant four-bar linkage-driven
finger since it is common in robotic finger designs and most commercial
prosthetic hands.
1.4 SENSORY SUBSTITUTION FOR PROSTHETIC HAND
Prosthetic hand users have desired to control their hand more intuitively
[6]. Integrating EMG control using surface EMG electrodes to detect users’
intention for their limb motion has been considered as one of the intuitive
prosthesis control methods by non-invasive way [18]. Also, user survey results
from the study of Jang et al. [19] and Luchetti et al. [20] supports the needs of
the closed-loop prosthesis control system enabled by integrating the sensory
feedback. They showed that 98% of upper limb prosthesis users desire to
feel the contact force when their prosthesis touches and grasps objects and
to be provided with the information of their finger movement. This sensory
feedback can be achieved by providing electrotactile stimulation to users,
which is one of the effective ways to deliver the feeling of the contact [21, 22].
In order to build a better interface for intuitive prosthesis control, we
enable EMG pattern recognition, contact reflexes through pressure sensors
embedded in the fingers, and sensory substitution. We also present the result
of the experiment with the subject with transradial amputation to evaluate
the performance of the contact reflexes and sensory substitution and com-
pares it to a standard myoelectric prosthesis. We implemented the pattern
recognition to grasp objects such as an eggshell and a plastic cup filled with
water used for the experiment.
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CHAPTER 2: DESIGN METHODS3
2.1 DESIGN REQUIREMENTS
We focused on the users’ desire to design a prosthetic hand to provide reliable
assist to transradial amputees. The main rejection of myoelectric prostheses
usage results from its low durability and reliability which makes it more sus-
ceptible to mechanical failure than body-powered prostheses [6, 7]. Moreover,
the survey of upper-limb prosthesis users [7, 5, 6, 9] reports that the prior-
itized features of the myoelectric prostheses are; ability to move separately
fingers and thumb, to prevent object grasp slippage, and natural appearance
(size, color, surface materials), light weight, and increase sensory feedback.
Based on these users’ needs, we constrained our design requirements as the
following.
2.1.1 Develop a monolithic structure, minimizing the number
of physical joints to reduce areas vulnerable to impact
By using a monolithic finger design, we replace the revolute pin in the prox-
imal interphlangeal (PIP) joint (joint B) of the standard four-bar linkage
mechanism (Fig. 2.4) with a compliant joint (joint B in Fig. 2.1b). Mak-
ing the PIP joint compliant has several advantages over a standard four-bar
linkage, including no energy loss to friction, no need for lubrication, no hys-
teresis, easier fabrication, and virtually no need for maintenance [23]. The
monolithic bone helps reduce the weight of the finger, while also enabling
torsional and flexural compliance.
2.1.2 Embed the links in a soft skin
Our design allows the monolithic bone to be enveloped in a soft silicone skin
through a single molding process. Using soft materials has advantages in
attenuation of impact forces, conformability, and repetitive strain dissipation
3This work includes materials published in [1], [2]
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[24]. Also, the silicone skin provides proper friction to prevent slippage when
the hand grasps a object.
2.1.3 Design the proximal interphalangeal (PIP) joint to have
variable compliance
While compliance allows the PIP joint to better absorb energy on high im-
pacts, there is a tradeoff in its ability to hold static loads. Consequently, we
designed the PIP joint to have variable compliance depending on the direc-
tion the load is being applied by constructing different spring mesh models.
A simplified spring model of the compliant joint in the sagittal plane is shown
in Figs. 2.1a - c. When the finger flexes, the external force is applied to node
1; when the finger extends, the external force is applied to node 5.
2.1.4 Design the metacarpophalangeal (MCP) and distal
interphalangeal (DIP) joints to be compliant
In addition to making the PIP joint compliant, we made the MCP and DIP
joints compliant as well. The MCP joint can be modeled as a torsional spring
and its stiffness is denoted as kin, which is related with the young’s modulus
of the material and structural geometry. When no load is applied, the DIP
joint angle is at 20◦, but compliance allows the joint angle to vary when
loaded via elastic deformation.
2.1.5 Design a follower link to be impact-resistant to lateral
forces but keeping the strength in longitudinal direction
We used three pieces of pre-stressed spring steel (Fig. 2.1d) to construct the
follower link. The design enables the finger to be compliant to lateral forces,
but rigid in the flexion/extension direction to handle heavy loads. The two
outer pieces of steel are pre-stressed to form a symmetric curvature that
allows the link to quickly recover to its initial state, restoring more energy
upon impact by forming a buckling.
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2.1.6 Anthropomorphic design
We designed the prosthetic hand to be light weight, low-cost, and maintain
the high level of anthropomorphism (overall hand shape and materials, and
size). These requirements were achieved by 3-D printing and molding fab-
rication method and structure design following the hand anthropomorphic
geometry.
2.2 COMPLIANT MONOLITHIC FINGER
2.2.1 Compliant PIP Joint Design and Model
In order to satisfy the design requirements, we designed the compliant PIP
joint that allows the monolithic compliant finger structure with the reduced
number of pin joints. The compliant PIP joint should be able to handle
high-impact in any direction but also needs to hold a great static load, which
requires nonlinear compliance relying on the direction of the applying force.
As shown in Fig. 2.1a, b, we designed the compliant PIP joint geometry
to construct two different stiffness matrix depending on finger flexion and
extension. When the hand holds a heavy object, the finger is exposed to
the extension force (fext) exerted to the node 5 as given in Fig. 2.1c. The
compliant PIP joint stiffness is increased as it goes under flexion motion as
the node 5 contacts with the bone structure by forming a spring k5, and it
can be expressed as Eq. 2.2.
Kout,flex =

k2 + k3 + k1 −k2 −k3 −k1
−k2 k2 0 0
−k3 0 k3 + k4 −k4
−k1 0 −k4 k1 + k4

(2.1)
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Kout,ext =

k1 + k2 + k3 −k2 −k3 −k1 0
−k2 k2 0 0 0
−k3 0 k3 + k4 −k4 0
−k1 0 −k4 k5 + k1 + k4 −k5
0 0 0 −k5 k5
 (2.2)
On the other hand, when the finger is flexed, the joint stiffness should be
minimized to make the finger actuation power efficient, and its evaluation will
be discussed in section 2.4.1. When the finger is flexed, as shown in Fig. 2.1b,
the flexion force is applied to node 1 and the spring mesh configuration is
changed by removing the k5. The stiffness matrix is denoted as Eq. 2.1. This
variable stiffness behavior was evaluated by measuring the compliance of the
compliant PIP joint which will be described in the following section. The
node 1 (joint B) of the compliant PIP joint can be analogous to the joint B of
the conventional four-bar linkage mechanism when the kinematic comparison
is required.
Figure 2.1: (a) 3-D printed polyurethane bone structure. The angle
between AB and BC is pre-defined to be 126◦. The DIP joint angle is 20◦.
PIP joint is represented by the joint B. (b) Flexion spring mesh model of
compliant PIP joint. (c) Extension spring mesh model of compliant PIP
joint. (d) Follower link consists of three pre-stressed spring steels.
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2.3 COMPLIANCE OF THE PIP JOINT
Figure 2.2: (a) Compliance of the compliant PIP joint of the finger. (b)
Compliance of the compliant PIP joint of the bone
The compliance of the compliant PIP joint was evaluated for each flexion
and extension direction. Load was applied normal to the fingertip and var-
ied from 163 g to 1051 g. The relationship of the compliant PIP joint angle
displacement and the applying force was determined. The result is presented
in Fig.2.2. The slope of the red line represents the compliance of PIP joint
in flexion (CPIP,flex = K
−1
out,flex. Eq. 2.1) and the blue dotted line is the com-
pliance in extension (CPIP,ext = K
−1
out,ext. Eq. 2.2). This relationship confirms
that the compliance in flexion is greater than the extension and the direction
dependent variable compliance of the compliant PIP joint. The advantage of
the variable compliance affects the actuation power consumption and speed
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(section 2.4.2), and the static load capacity (section 4.2).
Figure 2.3: FEA result when the load (100g, 2g) was applied to the
fingertip of the bone structure in extension direction (a) and flexion
direction (b). The contour legend represents the deformation (mm) of the
elements with respect to MCP joint.
In order to evaluate the variable compliance of the complaint PIP joint of
the bone structure with the introduced spring model, we also performed a
finite element analysis (FEA) using ABAQUS/CAE 6.14. To minimize the
analysis loads, we simplified the 3-D model of the bone structure as shown
in Fig. 2.3 while maintaining the same geometry of the structure. This
numerical analysis result is also plotted in Fig. 2.2b. The results show that
the compliance of the bone in both extension and flexion is greater than the
compliance of the compliant finger. This is because the silicone skin covering
the bone and the PIP joint of the compliant finger increases the overall
stiffness of the finger structure. The visual results of the FEA also confirm
that the compliance of the flexion is greater than the extension by displaying
the larger displacement of the distal segment of the bone (Fig. 2.3b). When
the load exceeded 500 g to the flexion direction, the numerical solution could
not be found since the distal segment of the bone displaces further than the
fully flexed position and collides with the proximal portion.
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2.4 COMPLIANT FOUR-BAR LINKAGE MECHANISM
Figure 2.4: (a) Compliant four-bar linkage mechanism (b) Conventional
four-bar linkage mechanism
One of the main concerns of achieving a mobility of hand is related to
its power efficiency. In order to minimize the power consumption, a non-
backdrivable mechanism is required to keep the constant holding torque once
the power off. Worm gear train is used for actuating each MCP joint with
its advantage of non-backdrivability. When this non-backdrivability is in-
troduced, the effect of impact should be more considered since the impact
energy will be directly transferred to the all coupled part when the impact
applied to the finger structure. To prevent the mechanical failure by ac-
cidental impact, the compliant four-bar linkage mechanism is designed to
actuate PIP joint with its advantage of simplicity and maintaining of non-
backdrivability. Fig. 2.4 presents the comparison between the compliant
four-bar linkage mechanism and the conventional four-bar linkage mecha-
nism. The compliant four-bar linkage mechanism reduces the number of pin
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joints from 4 to 3 by having a monolithic bone structure with the compli-
ant PIP joint which connects the input link and the coupler link. Also,
the follower link of the compliant four-bar linkage mechanism replaces the
conventional rigid bar or tendon, cable with pre-stressed spring steel layer.
In order to obtain the maximum torque output from the fingertip with the
limited input torque of a motor, we chose the lengths of each link that can
maximize the mechanical advantage of the mechanism. The mechanical ad-
vantage can be represented by maximizing the transmission angle (µ) under
the relationship between links satisfying the double-crank inversion defined
by the Grashof condition (AB+AD < BC +CD). µ is defined by the angle
between the coupler link and the follower link ( 6 BCD) and calculated as
Eq. 2.3.
µ = cos−1(
CD
2
+BC
2 − AD2 − AB2
2BC CD
− AD AB
BC CD
cosθinput) (2.3)
The lengths of each link in our four-bar linkage (Fig. 2.4a) are: ground link
= AD = 8.9 mm, input link = AB = 38.1 mm, coupler = BC = 11.5 mm,
follower = CD = 38.0 mm, CE = 32.77 mm, BE = 40.38 mm. These values
were chosen by the condition of maximizing µ at the fully flexion position of
the finger.
The MCP joint is directly actuated by a motor mated to a worm gear
train. The MCP, PIP, and DIP joints are coupled by linkages.
2.4.1 Workspace Analysis
The range of motion of MCP joint is shown in Fig.2.5. The result was
obtained by kinematic analysis of the four-bar linkage mechanism using
ADAMS (MSC Software) and confirmed the result with the experimental
measurement. The range of motion is 105.0◦ for the MCP joint and 93.0◦
for the PIP joint. The range of motion of the fingertip is 154.4◦ with respect
to the MCP joint when no load is applied. Our finger has the largest range
of motion compared to the four commercial prosthetic hands and eleven re-
search hands described in Belter, et al. [13]. The coupler link of the compliant
four-bar linkage mechanism allows DIP joint to have the range of 134.8◦ with
respect to the MCP joint under no load condition.
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Figure 2.5: The range of motion of the compliant finger
2.4.2 Trajectory and Power Consumption Analysis
In addition to the range of motion analysis, we obtained the joint trajectory
of MCP joint by collecting data from a magnetic encoder attached to the DC
motor’s end shaft. The raw values received from the encoder was calibrated
to be mapped with the range of motion of the MCP joint. The result is
plotted in Fig.2.6a and it confirms that the direction dependent compliance
of the compliant PIP joint affects the trajectory of flexion and extension.
The test was performed twice for each direction separately, and the results
were averaged. The red and blue marks in the Fig.2.6 indicate the moment
when the finger was fully flexed and extended. The average duration for
full flexion was 1.53 sec and for the extension was 1.73 sec with a standard
deviation of 0.01 for both. The flexion direction shows linearity between
time and MCP joint angle variation whereas the extension direction produces
polynomial relationship having with the slightly steeper slope on 0.6 - 1.4 sec.
The average speed of full flexion is 100.9◦/sec, and the full extension has
89.27◦/sec which are both above the average speed of commercial prosthetic
hand products (78.2 ◦/sec [13]). We also performed the power consumption
test with 6 V DC power supply directly to the DC motor with 1 A current
limit, and the current (I) and voltage (V ) loaded to the DC motor were
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recorded. Power consumption for each direction was calculated following
the equation P = I × V and the result is shown in Fig.2.6b and c. The
energy versus time plot was obtained by integration of the power versus time
data with respect to time. When the finger was flexed, it consumed the less
electrical energy of 3.31 J than the extension which consumed 4.84 J. The
test results proves that the variable compliance of the compliant PIP joint
design allows the finger flexion to require less force from the actuator with
faster response than extension.
Figure 2.6: (a) The red line plots the MCP joint trajectory of compliant
finger flexion and the blue dotted line plots the extension. (b) Power
required for flexion and extension of the finger versus time. (c) Electrical
energy consumption for flexion and extension of finger versus time. Blue
and red mark indicate the point when the finger is fully flexed and
extended.
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2.5 FABRICATION OF THE COMPLIANT FINGER
Figure 2.7: Fabrication of the compliant monolithic finger with embedded
barometric pressure sensors
In order to meet the design requirements: integrating sensory feedback
system, anthropomorphic design, and improving the impact resistance, we
designed the following fabrication method. It allows embedding pressure
sensors in a finger structure easily and enables the compliant finger to be
monolithic with a bone structure covered by soft silicone skin which provides
proper friction to grasp objects without slippage.
Fabrication process consists of two parts: building a monolithic bone struc-
ture (Figs. 2.7b - c) and molding a silicone skin (Figs. 2.7d- f). The monolithic
bone is 3-D printed (Replicator 2X, MakerBot) using a flexible thermoplastic
polyurethane (TPU) filament (SemiFlex, NinjaTek). Two MEMS baromet-
ric pressure sensors (MPL115A2, Freescale, Inc.) are embedded in the distal
fingertip of the bone and the one on the side part of the proximal segment of
the bone (Figs. 2.7c), used to detect contact forces [25], and provides contact
reflexes and sensory substitution. The 3 pressure sensors are soldered on the
flexible PCB with a I2C multiplexer chip (Fig. 2.7a). Once attaching the
flexible PCB around the finger bone, we deposited small amount of silicone
(Dragon Skin 20, Smooth-On, Inc.) on the surface of the 3 pressure sensors
and degassed the air using a vacuum chamber to fill the MEMS sensing hole.
After the first degassing process is done, the bone with the flexible PCB is
fixed in molds as shown in Fig. 2.7d. The same silicone used for filling the
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sensing hole is used for making a finger skin. After mixing the silicone, the
batch is went through the degassing process to remove the air bubbles pro-
duced during the silicone batch preparation process. We poured the silicone
batch in the assembled mold and waited 4 hours to cure (Fig. 2.7e). After
the cure, the molds are separated to pull out the compliant finger with the
silicone skin as shown in Fig. 2.7f, g.
2.6 MOTOR CONTROL AND SENSORY SUBSTITUTION
Figure 2.8: Hardware block diagram with sensory substitution system
A block diagram of the hardware is presented in Fig. 2.8. The hardware
was compartmentalized into three subsystems: 1) the socket, 2) the hand,
and 3) the sensory substitution system. The socket collects and filters elec-
tromyography (EMG) data from the residual limb of the user, and runs the
pattern recognition classifier used to associate EMG signals with one of five
different grasping classes (rest, open, power, three-jaw chuck, fine pinch).
The hand requests the classified grasp from the socket, and actuates up to
six motors to perform the grasp. The six motors control flexion/extension
in all five digits, as well as thumb opposition. In addition, the hand receives
pressure readings from the three pairs of pressure sensors located in the fin-
gertips of the thumb, middle, and index fingers. The sensory substitution
system receives information from the hand about the pressure applied to
the fingertips, and can give the user appropriate feedback regarding contact
forces at the fingertips. In this thesis, we used an electrotactile stimulation
system to provide feedback to the user about contact forces.
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2.6.1 EMG and Pattern Recognition
Figure 2.9: (a) EMG board based on the ADS1298 chip. (b) Nickel-plated
copper rivets used in the socket as electrodes. (c) All the electronics fitted
into the hand/socket and put on the transradial amputee’s residual limb.
(d) Six channels of EMG are displayed in the plot below the images,
corresponding to 3 hand open movements.
EMG was used to control the hand actuation. To save costs in electrodes,
up to eight pairs of nickel-plated copper rivets (Fig. 2.9b). can be used to
record EMG signals from the residual limb of a person with an amputation,
with an extra rivet being used as a ground electrode. Each rivet costs $0.23
and can be easily integrated into a socket, while standard stainless steel dome
electrodes typically cost around $40 per electrode. These eight EMG channels
and ground were connected to a custom board (Fig. 2.9a).we fabricated using
the TI ADS1298 (Texas Instruments, Dallas, TX) 24-bit analog-to-digital
converter. The EMG signals were digitally filtered with a bandpass filter with
cutoffs of 30Hz to 450Hz, and convolved with a notch filter at 60Hz. All signal
processing was performed on a Teensy 3.1 microcontroller (PJRC, Sherwood,
OR) in the socket. (Fig. 2.9d) shows the signals from the 6 channels of EMG.
We implemented Linear Discriminant Analysis (LDA) with proportional
velocity control on the socket microcontroller as our pattern recognition al-
gorithm [26]. In this paradigm, users undergo a 2-minute training period
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where they are asked to hold each of the five grasping classes for 25 seconds.
LDA is then used to classify the user’s desired grip every 75ms using a sliding
window of the past 200ms of EMG signals. Proportional velocity control is
implemented using the mean absolute value of the most active EMG channels
for the desired grasp, as described by Scheme, et al. [26]. A Teensy 3.1 mi-
crocontroller in the hand uses the classified grasp and proportional velocity
to control the velocity of the motors used to achieve the desired grasp.
2.6.2 Pressure Sensing and Contact Reflexes
Figure 2.10: (a) The MPL115A2 barometric pressure sensor (b) The
pressure sensors are placed on the fingertip of the compliant bone (c) The
final finger with the pressure sensors embedded inside. (d) Plot of the
pressure reading from a single sensor showing a strong pinch followed by a
weak pinch.
The hand microcontroller polls three pairs of the pressure sensors located in
the finger tip and finger pad of the thumb, index, and middle distal phalanges
(Fig. 2.10). Using the low-cost method described by Tenzer, et al. [25], we
cast the sensors in silicone to turn them into highly sensitive touch sensors
when depressing the silicone as described in the previous section2.5. The
pressure readings from each sensor are scaled to a value between 0 and 1,
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and we detect contact when the pressure value exceeds a threshold of 0.2. If
contact is detected in any of the six pressure sensors, a contact reflex takes
place in which the speed of the hand is reduced to 30% of its current speed
in order to provide the user with finer control in manipulating the contacted
object without damaging it [27].
2.6.3 Sensory Substitution
In addition to providing contact reflexes, information from the pressure sen-
sors can be delivered to the user via sensory substitution. In particular, we
use electrotactile stimulation to provide this feedback, though any sensory
substitution system, such as vibrotactile stimulation or skin stretch, can be
used. Previous studies have shown that electrotactile stimulation can be ef-
fective in delivering information about contact to a user [21, 22]. The hand
microcontroller communicates with a Teensy 3.1 microcontroller connected
to a Biopac linear isolated stimulator (STMISOLA, Biopac, Goleta, CA).
When contact is detected from any of the pressure sensors a 50Hz, 200µs
constant current biphasic square pulse is delivered to the user at a predeter-
mined current amplitude perceived to be a strong and comfortable sensation.
Eventually, this system will be enhanced by adding more stimulation channels
corresponding to each of the three digits with pressure sensors, miniaturized
to a form factor that can fit within the socket.
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CHAPTER 3: COMPLIANT PROSTHETIC HAND
We introduce the fabrication process of the compliant palm using 3-D print-
ing and molding that enables the development cost at low and easily repro-
ducible. We also present the integration process of the finger in the compliant
palm with all electronic components.
3.1 FABRICATION OF COMPLIANT PALMS
In order to improve the impact resistance of the 3-D printed prosthetic hand,
we also introduce the fabrication process of compliant palms that brings the
compliance to the overall structure of the prosthetic hand. Fig. 3.1 depicts
the casting process of the dorsal palm which is the base structure for fixing the
four fingers with motors and a thumb. Fig. 3.2 illustrates the casting process
of the palmar palm that covers all electronic parts (hand board Fig. 3.7b)
placed on the hand. We used semi-rigid urethane casting resin (Smooth-
Cast R© 65D, Smooth-On, Inc.) for casting the both palms, which has a proper
tensile strength [28] to hold the motor mounts firmly and compliance as well
to handle the high-impact. To make a mold to cast this compliant material,
first, we 3-D printed the dorsal and palmar palm structure using a ABS
filament to make the inner cavity. Then, we surrounded the 3-D printed
part with cardboards to build walls to pour the resin batch (Fig. 3.1, 3.2a),
placing the wrist side of the palm to face the ground. After making the walls,
we mixed the silicone (Mold Star R© 30, Smooth-On, Inc.) and poured in the
box made of the cardboard walls. After 6 hours of the cure, we pulled out
the cured silicone mold embedded with the 3-D printed palm. Then, we cut
the silicone mold in half to have the wavy cut-surfaces (Fig. 3.1, 3.2b) to
remove the inner 3-D printed cavity from the silicone molds (Fig. 3.1, 3.2c).
This compliant mold made of silicone enables us to build complex-shaped
molds and it makes the demolding process of the resin palm structures easy
without causing any damages to the cavity and molds.
In order to cast the compliant palm using the semi-rigid urethane resin,
we put the cut silicone molds together and poured the resin in the mold
(Fig. 3.1d, Fig. 3.2d). After the 10 min cure of the resin, we take the molds
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Figure 3.1: Fabrication process of the compliant dorsal palm
Figure 3.2: Fabrication process of the compliant palmar palm
apart to pull out the compliant palm as shown in Fig. 3.1e and Fig. 3.2e.
3.2 HARDWARE INTEGRATION
3.2.1 Compliant Finger Assembly
We designed modularized individual finger and thumb mount which enables
the replacement of assembly parts easy and fast in case of the repair and
debugging process are required. The motor mounts were SLS (Selective
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Figure 3.3: (a) The 3-D printed motor mount module consists of two
parts (b) In order to make a threaded hole on the bottom of the mounts for
screw bolts with the dorsal palm, heat-set threaded insert was inserted
using soldering iron
Laser Sintering) 3-D printed (Formiga P100, EOS) using polymide powder
(PA2200). Any customer level FDM 3-D printer using any ABS or PLA
filaments also can be used to print these parts. Since the motor mount is
used for connecting finger to the MCP joint using the worm gear set which
requires the precise alignment and solid connection, rigid material was used
for the mounting structure. As shown in Fig. 3.3a, the motor mount for a
finger consists of two parts, which makes the replacing a motor and gears
easy. The motor mount is fixed to the dorsal palm by 6 of M2 screws. In
order to make a threaded screw hole on the 3-D printed mount that has a
high reliability, M2 heat-set threaded inserts were inserted into the each six
holes of the motor mount using a soldering iron (Fig. 3.3b).
Figure 3.4: Assembly process of the compliant finger with 3-D printed
motor mount components
Fig. 3.4 illustrates the assembly process of the compliant finger with motor
mounts. After mounting the motor to the motor mount with worm (Fig. 3.4a)
and assembling the two motor mount parts together (Fig. 3.4b), the pre-
stressed spring steel layer linkage is connected to the mount by 2 mm diameter
stainless steel shaft (Fig. 3.4c). We put F3-8 thrust bearings on the MCP
joint of the motor mount to reduce the energy loss from the friction of finger
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actuation. The compliant finger is placed on the MCP joint of the mount,
and the spring steel linkage goes through the proximal part of the finger
(Fig. 3.4d). The MCP joint is connected by 3 mm diameter stainless steel
shaft. The finger assembly process is completed by connecting the spring
steel linkage with the distal part of the compliant finger by 2 mm diameter
shaft (Fig. 3.4e).
Figure 3.5: Assembly process of the compliant thumb with 3-D printed
motor mount components
Fig. 3.5 shows the assembly process of the thumb with the motor mount.
Two motors are used to actuate the thumb rotator (Fig. 3.5a) and flexor
(Fig. 3.5b). After completing the rotator and flexor assembly, we put the
thumb skin made of silicone with embedded two pressure sensors in fingertip
(Fig. 3.5c). The flexor and rotator are connected together by 3 mm diameter
shaft (Fig. 3.5d). We also used the F3-8 thrust bearing for all pin joints of
the thumb.
3.2.2 Hand Assembly
The finger and thumb modules are assembled to the dorsal palm as illustrated
in Fig 3.6 a, b by M2 bolts. After the integration of 4 fingers and the thumb
to the dorsal palm by M2 screws (Fig. 3.6b), Unified National Fine (UNF)
1/2-20 thread bolt’s hexagonal head is mounted to the wrist area of the
dorsal palm structure which has an engraved mounting space. This wrist
bolt is used for connecting the upper limb prosthetic friction wrist unit (WE
Friction Wrist, Hosmer Dorrance Corporation) of the transradial upper-limb
prosthetic socket (Fig. 3.6g). Using the standard size of the wrist bolt allows
the hand to be compatible with any commercial wrist unit. A 8 mm diameter
through-hole was drilled to the axis of threads of the wrist bolt (Fig.3.7c)
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Figure 3.6: Assembly process of the hand
to connect the hand control board in the palms with battery and the EMG
board in the socket. After mounting the bolt, we place the hand control board
on the top of motors (Fig. 3.6d) and cover the palm with the palmar palm
by snap-fit (Fig. 3.6e). To hold the two palm structures tightly together,
we mounted 3-D printed wrist socket parts around the wrist part of the
palms and fastened with two M3 bolts (Fig. 3.6f). Fig. 3.6i presents the
top view of the hand. The dorsal palm was designed to have a particular
curvature to allow the fingers to be aligned in a curved plane following the
anthropomorphic bone configurations of the human hand which affects to
grasp performance [29].
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3.2.3 Compliant Prosthetic Hand
Figure 3.7: (a) The new hand is 50th percentile female hand
anthropometry. The left version of the compliant hand is shown (b) 6 DC
motors are connected on the hand control board by FFC . (c) The hand is
attached to the transradial upper-limb amputee’s socket. LiPo battery,
EMG board, and electrodes is able to be fit in the socket, which enables the
compliant prosthetic hand to be mobile. By turning on and off the switch
on the socket, user can easily control the device to run. The right version of
the compliant hand is shown
The compliant prosthetic hand has 6 degrees of freedom (DOF) enabled
by 6 DC motors (100:1 Micro Metal Gearmotor High-power Carbon Brush
(HPCB) 6V with Extended Motor Shaft, Pololu) Robotics & Electronics)
(Fig.3.7b). Magnetic encoder is attached to the extended shaft of the motor
and used for acquiring joint angle of the finger. We developed the hand
control board integrating motor drivers and the microcontroller. Flexible
flat cable (FFC) is used for connecting the magnetic encoder and the hand
control board. The power supply system with battery (Turnigy 2200mAh 3S
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30C Lipo Pack, Turnigy R©) and electromyography (EMG) board connected
with electrodes are placed inside of transradial upper-limb prosthetic socket
(Fig.3.7c). The EMG board communicates with the hand control board
by four wires (data and clock line of I2C, power, and ground wires) going
through the hole of the wrist bolt.
The new compliant prosthetic hand is 50th percentile female hand anthro-
pometry. The smallest-sized design of the hand that can integrate all our
current hardware makes the scale up easy when it is desired by different users.
The total weight of the hand is 311.8 g (340.2 g with the wrist connection
bolt) which is below than 400 g, the average weight of human hand [30].
The non-backdrivable actuation is accomplished by using of a single-envelope
worm gear and worm with the four-bar linkage mechanism. Worm gear has
20 number of teeth, and 10 mm pitch diameter (module=0.5), and the worm
has 6 mm pitch diameter.
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CHAPTER 4: EVALUATION AND ANALYSIS4
4.1 IMPACT RESISTANCE
4.1.1 Method
Figure 4.1: (a) Compliant PIP joint Finger. (b) Pin joint compliant
finger. Only the proximal segment of finger is compliant and 3-D printed
with SemiFlex. (c) Pin joint PLA finger. The proximal segment of finger is
rigid.
We conducted free-end and fixed-end impact tests using a standard impact
test machine (Dynatup 8250, Instron, Inc.). The maximum contact force and
impact energy during structural deformation are used to evaluate the impact
resistance of a structure [31]. We use these measures to evaluate the impact
resistance of our compliant finger with a compliant PIP joint (Fig. 4.1a), and
compare it to a compliant finger using a pin for the PIP joint (Fig. 4.1b), a
finger with a rigid MCP joint using a pin for the PIP joint (Fig. 4.1c), and a
1045 HR steel bar having the same length and thickness of the fingers and is
used as a reference. We also observed the effects of the impact on the finger
structure, motor, and worm gear set to identify locations of any mechanical
failure.
4This work includes material published in [1], [2]
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The finger was attached to a motor and a worm gear set, rigidly attached
to the testbed of the impact test machine (Fig. 4.2). For the free-end impact
test, only the motor mount was fixed on the text machine jig and the whole
finger structure was exposed to the impact. For the fixed-end impact test,
the both motor mount and the fingertip was mounted on the impact test
machine jig and the impact was targeting to the PIP joint area. The fixed-end
impact test simulated accidents involving the finger being stuck between two
objects, such as a door hinge. The free-end impact test simulated accidents
involving the finger receiving high-speed impacts from a blunt object, such
as a hammer.
Figure 4.2: (a), (b) Fixed-impact test (c), (d) Free-impact test
In each test, a weight was dropped on the volar, dorsal, and lateral aspects
of the finger to evaluate its multidirectional impact resistance. We control
the impact velocity by varying the height at which the weight is dropped.
We varied both the drop height and mass of the weight until we reached the
maximum of the range or structural failure occurred. The range of masses
used for the weight was 3.34 kg-5.99 kg. The range of the drop height was
20 mm-905 mm. Only the free-end impact test was performed on the steel
bar and the rigid MCP joint finger with a pin PIP joint. We recorded the
impact velocity (vi) and impact load with respect to time (p(t)), obtained
from the impact test machine’s load cell. We computed the impact energy
(Eimpact(t)) as follows,
Eimpact(t) =
m
2
(v2i − v(t)2) +mgx(t) ,
where m is the mass of the weight, g is the gravitational constant, v(t) is
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the velocity of the weight and is equal to
∫ t
ti
(g − p(t)
m
) dt+ vi, and x(t) is the
deformation of the finger, equal to
∫ t
ti
v(t) dt.
4.1.2 Results
Figure 4.3: The compliant PIP joint finger was able to handle the impact
to the volar side (a) and dorsal side (b) from the free-impact test. (C)
Mechanical failures were found in compliant finger with pin PIP joint, rigid
MCP joint finger with pin PIP joint (ABS and PLA), and rigid finger with
the bone structure made of aluminum 6061 which was used as one of
references.
Fig. 4.3 shows several parts of the impact test results and Table 4.1 com-
pares the maximum impact load and impact energy of the fingers. In the
free-end impact test, the compliant finger with a pin PIP joint and the rigid
MCP joint finger with a pin PIP joint were subject to mechanical failure
when the mass of the weight was 3.34 kg. As shown in Fig. 4.3C, for the
compliant finger with a pin PIP joint, the impact caused dislocation of the
PIP joint and misaligned the MCP joint with the worm gear set. For the
rigid MCP joint finger with a pin PIP joint, the impact caused a fracture in
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the proximal segment around the PIP joint with an impact velocity of 0.64
m/s. The 1045 HR steel bar showed plastic deformation when the mass of
the weight was 3.34 kg and the drop height was 465 mm. It had the highest
measured impact load at 9.93 kN, but absorbed less impact energy than the
compliant finger with a compliant PIP joint. We did not detect any mechan-
ical damage in the compliant finger with a compliant PIP joint during the
free-end impact test in any of the three directions at the maximum mass of
5.99 kg at the highest drop height of 905 mm. At the highest impact veloc-
ity of 4.15 m/s, the compliant finger with a compliant PIP joint absorbed
2.3%-11% more impact energy than the fingers with a pin PIP joint.
Table 4.1 Impact Test Results
Free-end Impact Test Fixed-end Impact Test
Volar Dorsal Lateral Volar Lateral
Mass of weight:
5.99 kg
Drop height:
905 mm
Max.
Impact
Load
[kN]
Max.
Impact
Energy
[J]
Max.
Impact
Load
[kN]
Max.
Impact
Energy
[J]
Max.
Impact
Load
[kN]
Max.
Impact
Energy
[J]
Max.
Impact
Load
[kN]
Max.
Impact
Energy
[J]
Max.
Impact
Load
[kN]
Max.
Impact
Energy
[J]
Compliant
finger with
compliant PIP
joint
1.23 23.06 1.84 24.48 1.55 10.74 1.20 22.36 1.45 13.46
Compliant
finger with pin
PIP joint
1.26† 6.27† 1.23∗ 22.10∗ 0.94† 7.05† 0.65∗ 21.97∗ 2.32∗ 13.16∗
Rigid MCP
joint finger
with pin PIP
joint
0.07‡ 0.10‡ 0.07‡ 0.60‡ 0.04‡ 0.28‡ — — — —
1045 HR steel
bar
9.93† 21.26† — — — — — — — —
Structural failure at (drop weight, drop height): †(3.34 kg, 465 mm), ‡(3.34 kg, 20 mm), ∗(5.99 kg, 905 mm)
In the fixed-end impact test, the compliant finger with a pin PIP joint
was subject to mechanical failure when the mass of the weight was 5.99 kg,
and the drop height was 905 mm. The impact damaged the PIP joint and
distal finger segment. Again, the compliant finger with a compliant PIP
joint absorbed the highest impact energy without failure in the fixed-end
impact test. The impact test results show that the compliant finger with a
compliant PIP joint can withstand higher impacts from the volar, dorsal and
lateral directions by absorbing more impact energy than the other fingers.
While the impact to rigid MCP joint finger with pin PIP joint damaged the
gear train and motor shaft, the compliant finger with a compliant PIP joint
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was able to protect the motor and gear train from damage. As a qualitative
observation, when the subject with transradial amputation was using the
compliant hand to perform a hammering task, the finger was able to hold
the nail tightly enough to help him to fully hammer the nail down and
also handle the impact from a missed hammering swing (Fig. 4.4). The
experiment results can be found in the video provided in Appendix A.1.
Figure 4.4: The high-impact resistant compliant prosthetic hand enabled
the user to perform the hammering task without having any mechanical
failures in fingers.
4.2 STATIC LOAD CAPACITY
We measured the maximum static load capacity of a fully extended individ-
ual finger, of the assembled hand making a power grasp, and of the assembled
hand fully open. All tests were done using the compliant finger with a com-
pliant PIP joint design. For the individual finger test (Fig. 4.5a), the motor
of the finger was clamped to a table, and a bag holding a variable amount
of weight was hooked on to the PIP joint with the weight increasing in in-
crements of 2.26 kg. For the power grasp test (Fig. 4.5b), the bag with the
weight was placed on the floor, and the hand had to lift the bag 15 cm verti-
cally for ∼10 s. For hand fully open test (Fig. 4.5c), the hand was clamped
to the table in a supine position and the bag with the weight was hooked
on to the proximal segments of the index, middle, ring, and little fingers.
When the applied load was larger than the maximum load the hand could
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Figure 4.5: (a) Static load test on a compliant finger. The maximum load
capacity of the finger si 17.23 kg. (b) Static load test with the fully
assembled prosthetic hand. It can hold upto 23.06 kg with the power grasp
configuration. (c) The hand is able to hold maximum 26.22 kg when all of
the fingers are fully extended.
hold, instead of causing mechanical damage to actuator, gear train or hand
structure, the MCP joint underwent rotational elastic deformation until the
bag fell to the floor. The fingers were able to recover to their initial positions
and shape after exceeding the maximum load capacity. The individual finger
was able to hold up to 17.23 kg, the power grasp was able to hold up to
23.06 kg, and the fully open hand was able to hold up to 26.22 kg. A video
showing these test method and results can be found in Appendix A.1.
4.3 FINGERTIP FORCE
Figure 4.6: The experimental setup for the fingertip force measurement
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Table 4.2 Fingertip Force and Motor Comparison
Finger Motor
Motor
Price
(USD)
Motor
Stall
Torque
[mNm]
Gear
Ratio,
Motor
to
MCP
joint
Average
Fingertip
Force
(N)
Std.
Dev.
No.
of
Trials
Compliant finger with compliant PIP joint Pololu 100:1 HPCB 18.95 2.16 2000:1 5.86 0.2 4
Compliant finger with pin PIP joint Pololu 100:1 HPCB 18.95 2.16 2000:1 4.92 0.2 4
Rigid MCP joint finger with pin PIP joint Pololu 100:1 HPCB 18.95 2.16 2000:1 3.48 0.2 4
iLimb Small [16] Maxon RE 10 118394 72.88 3.04 1600:1 5.17 0.1 2
iLimb Pulse Small [16] Maxon RE 10 118394 72.88 3.04 1600:1 4.09 or 8.56* 0.1 2
Vincent Small [16] Maxon 1017 - - - 3.00 0.1 2
Bebionic Small [16] Faulhaber 1024M006SR - 2.34 - 16.11 0.2 2
*Holding force after pulse mode.
We measured the force generated from the fingertip using a calibrated force
sensitive resistor (FlexiForce R©, Tekscan, Inc.). We used the same fingers
from the impact tests for comparison (Figs. 4.1a-4.1c). We recorded the
force normal to the fingertip as the finger flexed until its motor stalled as
shown in Fig. 4.6. We performed each test four times, averaging the the
maximum force values from each trial. The results are shown in Table 4.2.
We also compared our results to those of the iLimb Small, iLimb Pulse Small,
Vincent Small, and Bebionic Small hands which are comparable to ours with
respect to size [16]. We computed the gear ratio of the motor to the MCP
joint by multiplying the gearbox ratio of the DC motor (100:1) by the worm
gear reduction ratio (20:1).
Of the fingers we tested, the rigid MCP joint finger with a pin PIP joint
exerted the smallest fingertip force (3.48 N) followed by the compliant fin-
ger with a pin PIP joint (4.92 N). The compliant finger with a compliant
PIP joint generated the highest fingertip force (5.86 N). Since all three of
the fingers tested used the same motor, they had the same input torque.
Consequently, the differences in fingertip force are due solely to mechanical
amplification from displacement of the fingertip [23].
4.4 GRASP PERFORMANCE
Grasping a various shape and size of objects with a myoelectric prosthetic
hand is required as one of the main functions desired by users [7]. To assess
the functionality of our hand, we performed a grasping test in which we had
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Figure 4.7: (a) Key grasp of a key and lipstick. The hand can also grasp a
card between any of the fingers. (b) Three-jaw chuck grasp of a egg-shaped
plastic block, wine glass, needle-nose pliers, scissors, hot glue gun, and a
hair dryer. (c) Power grasp of a elliptical machine handlebar, wine glass,
duct tape, water bottle neck, small cardboard box, and a hammer.
the hand grasp everyday household items. We compared the performance of
our hand using compliant fingers with a compliant PIP joint (Fig. 4.1a) to
an assembled hand using rigid fingers with a pin PIP joint (Fig. 4.1d). Our
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hand is able to configure five different grasp configurations: rest, open, power,
three-jaw chuck, fine pinch(key). Depending on the object, the hand made
the appropriate grasp (key, three-jaw chuck, or power) to hold the item. For
the compliant hand, the compliance of the fingers allowed the hand to grasp
various types of objects by conforming to the shape of the object (Fig. 4.7).
The compliant hand also had the benefit of being able to grip different objects
using the same grasp (e.g. power) but with different final finger positions.
For example, as shown in Fig. 4.7c, when the hand gripped a roll of duct
tape using a power grasp, the fingertips conformed to the curved surface of
the tape. However, when the hand power grasped a small cardboard box, the
fingertips formed a straight line on the flat surface of the box. As before, a
video showing these results is shown in Appendix A.1. To quantify the grasp
performance, however, experiment with the subject with amputation need
to be performed with more various objects, and also inspecting the contact
region with fingers, palm and the object will help to understand the effect of
the hand grasp configuration and finger design which we plan in future work.
4.5 EXPERIMENTS WITH SUBJECT WITH TRANSRADIAL
AMPUTATION
In order to evaluate the effectiveness of our motor control and sensory feed-
back systems, we performed two experiments with a 39-year-old male with
a right traumatic transradial amputation. The two experiments performed
involved 1) grasping an eggshell without cracking it, and 2) grasping a plastic
cup partially filled with water. The subject performed each experiment with
his OttoBock two-channel myoelectric hand, as well as the compliant hand
we developed. To interface with our hand, a socket housing six EMG elec-
trode pairs was fabricated to fit the subject’s residual limb. Each experiment
was done under visual feedback and no visual feedback conditions. Visual
feedback was removed with the use of a blindfold. In the eggshell grasping
task, the subject attempted to grasp a hollow egg held in his unimpaired
left hand with his prosthesis ten times. The number of times the eggshell
cracked upon grasping was recorded. The goal was to crack as few eggshells
as possible out of the ten trials. In the water cup grasping task, the subject
was asked to grasp a 266mL cup filled with 120mL of water. Upon grasping
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Table 4.3 Results for eggshell grasping and plastic water cup grasping tasks.
Visual Feedback No Visual Feedback
Number of Eggshells Cracked (Original Myoelectric) 6/10 8/10
Number of Eggshells Cracked (Compliant Hand) 0/10 0/10
Volumetric Displacement (Original Myoelectric) 19mL 73mL
Volumetric Displacement (Compliant Hand) 12mL 19mL
the cup, the volume of water displaced was measured by marking on the cup
the new height to which the water rose. The goal was to displace as little
water as possible when grasping the cup.
4.5.1 Results
Figure 4.8: Result of eggshell grasping and plastic water cup grasping
tasks. First row pictures show the results when the amputee used our
compliant hand with sensory feedback. Second row pictures show when he
used the standard myoelectric prosthetic hand.
The results of the eggshell grasping and water cup grasping tasks are shown
in Table 4.3. Fig. 4.8 presents and compares the grasps of two different hands
from both experiments.
When using his original myoelectric prosthesis, the subject cracked six eggs
with visual feedback and eight eggs with removed visual feedback. However,
when using the compliant hand, the addition of contact reflexes helped to
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stop grasp closure upon contact with the egg, and no eggs were cracked in
both visual and no visual feedback conditions. The addition of electrotactile
stimulation feedback helped the subject during no visual feedback conditions,
allowing him to know when he was making contact with the eggshell. Fur-
thermore, in qualitative observations, the subject was easily able to control
his prosthesis to pinch, three-jaw chuck, or power grasp the eggshell using
pattern recognition when using the compliant hand. The video shows the
eggshell grasping test with no visual feeback can be found in Appendix A.2
In the water cup grasping experiments, the subject displaced 19mL and
73mL of water with visual and no visual feedback, respectively. When using
the compliant hand, the water displacement was only 12mL and 19mL under
visual and no visual feedback conditions, respectively. The addition of con-
tact reflexes aided in decreasing the amount of volumetric displacement of
water. The addition of electrotactile stimulation again helped when there was
no visual feedback. In fact, when using his original myoelectric prosthesis,
the subject experienced difficulty in knowing when he was grasping the cup
of water when no visual feedback was present, resulting in him prematurely
releasing his grip on the cup before lifting it. In this case, if stimulation
feedback was present, he would be aware that he had released his grip before
lifting the cup.
While previous studies [27] have suggested that stimulation feedback alone
may not improve the user’s reaction time to stop grasping once contact is
made with an object, the advantage of stimulation feedback is evident when
visual feedback is not available. Furthermore, when coupled with contact
reflexes, another advantage of stimulation feedback is the improvement of
the embodiment of the prosthesis [32]. This effect may be further enhanced
when using multiple stimulation channels corresponding to each pressure
sensor in the fingertips. To truly test the effect of embodiment, however,
longitudinal studies need to be performed. For this reason, we have fully
integrated all components into the socket and hand, excluding the sensory
substitution system, which we plan to incorporate into the socket in future
work.
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CHAPTER 5: CONCLUSION
5.1 SUMMARY
To improve impact resistance in prosthetic hands, we presented the design
and evaluation of a compliant four-bar linkage mechanism used to make fin-
gers that are mechanically robust. The finger consisted of 1) a monolithic
compliant bone 3-D printed using polyurethane filament enabling torsional
and flexural compliance, and 2) three layers of pre-stressed spring steel to
form a compliant follower link resistant to lateral impacts. Impact tests
showed that our compliant finger design absorbed up to 11% more energy
on impact when compared to fingers using a conventional four-bar linkage.
There was no mechanical failure upon impact from a 5.99 kg weight with a
maximum impact velocity of 4.15 m/s on the volar, dorsal, or lateral aspects
of the finger. Our compliant finger generated up to 68% more fingertip force
than a conventional four-bar linkage-driven finger. The fingers can be easily
assembled into a hand that is mobile, low-cost ($553), light-weight (312 g),
compact (50th percentile female anthropometry), can hold loads of up to 26
kg, and can easily grasp a variety of household objects. We can easily attach
the compliant prosthetic hand to a socket, and applied it to a transradial am-
putee to evaluate the use of contact reflexes and sensory substitution along
with EMG motor control. The amputee showed better performance in using
our hand to grasp delicate object like eggshells and a plastic cup of water
than the standard myoelectric prostheses. All materials, designs, files and
step-by-step building instructions can be found on the Bretl Research Group
website 1 and on the Instructables website2
5.2 FUTURE WORKS
Mechanical robustness has improved by our compliant prosthetic hand design
in aspects of impact resistance, however, the duty cycle of finger and thumb
1http://bretl.csl.illinois.edu/prosthetics
2http://www.instructables.com/id/Compliant-Prosthetic-Hand-With-Sensorimotor-
Contro/
38
actuation also needs to be tested in terms of evaluating the mechanical and
electrical reliability. We plan to run the individual finger mounted on a motor
for a specific life cycle time.
Also, we plan to measure the grasp force of the compliant hand when it
forms a power grasp. The grasp force can be measured by actuating the hand
to grasp a round-shaped apparatus embedded with a load cell and analyses
the force data from the load cell.
To quantify the grasp performance and the effect of the variable compliance
of the finger to the grasp configuration, the experiment with the subject with
transradial amputation needs to be performed. The subject will be asked to
do tasks for grasping various shape and sized daily objects as a form of pick-
and-place task, and measuring the speed for each completion of the task and
observation of the subject’s manipulation motion will help us to quantify the
grasp performance. Also, inspecting the contact location and area of the
finger and palm with the object and the deformation of the compliant finger
also can quantify the effect of the compliance introduced in our finger, and
evaluate the effect of the finger configuration and the shape of palm to the
grasp performance.
Lastly, we plan to perform the longitudinal study to evaluate the embodi-
ment of our compliant prosthetic hand and its sensory feedback system.
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APPENDIX A: SUPPLEMENTARY VIDEOS
A.1 VIDEO 4.1
A video file named Video4 1.mp4 shows the impact test process and result,
static load capacity measurement test, grasp performance and comparison
presented in Chapter 4, section 4.1 - 4.4. It can be also found on the online:
[2] https://www.youtube.com/watch?v=VoGwZ7KQl5g
A.2 VIDEO 4.2
A video file named Video4 2.mp4 shows the experiment with a transradial
amputee for the eggshell grasping test described in Chapter 4, section 4.5.
It can be also found on the online: https://www.youtube.com/watch?v=
_DosOvWmVb4
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